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Abstract
Frontal radar imaging has been proposed as an alternate technology to cameras for
through wall surveillance and law enforcement. Cameras cannot see through wall
as optic frequencies do not penetrate walls. On the other hand, radar operating in
micro-wave frequencies, below 10GHz, can penetrate walls. High resolution
images need radars operating at very high carrier frequencies and a large number
of radar antenna elements. But higher frequencies are heavily attenuated by walls.
Also, high frequency hardware is both costly and complex. In this work, we
present a report on a previously proposed solution for through-wall radar imaging
of humans using a low carrier frequency radar with few antenna elements. The
radar image is constructed of a human moving in radial direction with respect to
the radar. When a human moves, different body parts give rise to distinct Doppler
returns. The key feature of the method is to dynamically resolve multiple body
parts of the human across three dimensions: Doppler, azimuth and elevation. The
additional Doppler dimension enables the relaxation of the resolution in terms of
the carrier frequency and the number of array elements across the other
dimensions. The solution looks promising. However, it has only been validated
with simulation data. In this report, we further study the possibility of using
Walabot, a 3D RF imaging sensor, to construct a frontal radar images in line-ofsight conditions.

Keywords: azimuth and elevation angles, microDoppler, short time Fourier
transform, radial motion.
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1. INTRODUCTION
Radars offer some unique advantages for sensing humans in through-wall scenarios.
Radar operating at microwave frequencies can see through walls unlike X-ray and camera
sensors since through-wall attenuation increases as we go higher in carrier frequency. Radar
images, unlike optic images, are of very low resolution since they are limited by the carrier
frequency and the size of the radar aperture. Electrically large apertures comprising hundreds of
array elements are required to obtain high resolution images. Such a radar system with multiple
antenna elements each with an associated data acquisition channel is both costly and complex to
implement. Different moving parts of a human body give rise to distinct microDopplers. This
additional Doppler dimension enables the relaxation of the resolution in terms of the carrier
frequency and the number of array elements across the other dimensions [1].
Continuous wave Doppler radars are inherently suitable for imaging moving humans for
multiple reasons. First, stationary background clutter is suppressed while using continuous wave
signals. Second, Doppler signals are far more robust to multipath caused by walls and floors than
wideband waveforms. The paper proposes to combine Doppler processing with two-dimensional
array processing to dynamically resolve the different scatterers on the human body in three
dimensions based on their distinct Dopplers, azimuth and elevation positions The different body
parts are first resolved on the basis of their Dopplers. Then the azimuth and elevation position of
each body part with a distinct Doppler is estimated using two-dimensional array processing. This
low-cost solution is effective only when the Dopplers of the different body parts are sufficiently
well resolved.

1.1 OBJECTIVE
The objective of this work is to clearly understand the algorithms, techniques and
challenges involved in imaging a moving human using radar as described in [1]. Then we study
the possibility of applying the algorithm to experimental data obtained from a low-cost RF
imaging system, Walabot, to image humans in line-of-sight conditions. We image simpler targets
such as moving car in line of sight condition using Walabot.
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1.2 OUTLINE OF THE THESIS
We present an outline of the remaining chapters. Chapter 2 gives us an idea of
Doppler’s effect and a Doppler’s Radar. Chapter 3 gives the previous research results on
simulated human imaging. It gives us information about joint Doppler processing and the results
obtained after introduction of a Doppler dimension to the radar image processing. Chapter 4
briefly talks about the hardware that we are planning to use to validate the stated algorithm.
Chapter 5 talks about the challenges we face when imaging a moving human. In chapter 6, we
talk about the measurement setup and results of frontal imaging of simpler target. Chapter 7,
concludes our work.

2. DOPPLER’S EFFECT
The Doppler’s effect is the change in frequency or wavelength of a wave for an observer
moving relative to its source. When the source of the waves is moving towards the observer,
each successive wave crest is emitted from a position closer to the observer than the previous
wave. Therefore, each wave takes slightly less time to reach the observer than the previous wave.
Hence, the time between the arrival of successive wave crests at the observer is reduced, causing
an increase in the frequency as shown in fig. 1. While they are travelling, the distance between
successive wave fronts is reduced, so the waves bunch together. Conversely, if the source of
waves is moving away from the observer, each wave is emitted from a position farther from the
observer than the previous wave, so the arrival time between successive waves is increased,
reducing the frequency as shown in fig 1. The distance between successive wave fronts is then
increased, so the waves spread out.

Fig. 1 Doppler’s Effect (Source: http://www.physicsclassroom.com/class/waves/Lesson-3/The-Doppler-Effect)

2.1 DOPPLER’S RADAR
A Doppler radar uses the Doppler’s effect to measure velocity of the object at a distance
moving radially with respect to the radar. The radar does this by bouncing a microwave off a
7

desired target and analysing how the motion affects the carrier frequency of the radar. If a radar
is using a carrier frequency of 𝑓𝑐 , and the Doppler’s frequency is 𝑓𝑑 , then the radial velocity of
the target is

𝑣=

𝑐 × 𝑓𝑑

(1)

2 ×𝑓𝑐

Fig. 2: Doppler’s Radar (Source: http://hyperphysics.phyastr.gsu.edu/hbase/Sound/radar.html)

3. SIMULATION OF HUMAN IMAGING
In this section, we discuss the simulations results presented in [1]. Doppler radar data from
moving humans are simulated by combining computer animation data, derived from motion
capture technology, with electromagnetic primitive based modelling of human body parts. The
authors consider a realistic motion where a human spreads his arms wide at a distance of 10m,
along the X axis, before a continuous wave radar. The human is 1.5m tall (head to foot), along
the Y axis, and 1.5m wide (right to left hand) along the Z axis. The arms, legs, torso and head are
modelled as primitives such as spheres and ellipsoids. The human is therefore a complex target
with multiple point scatterers corresponding to the phase centres of these primitives. They model
the radar with a two-dimensional uniform planar transceiver array with [N×N] elements spaced
half-wavelength apart in both dimensions as shown in Fig.3. The array is placed in the Y Z plane
with the central element located at [0, 1, 1] m. The antenna elements are isotropic. The
simulation model enables the parametrization of the radar carrier frequency, the number of
elements in the array and the sampling frequency of the data acquisition system. Then they
generate the front view radar image of the human at each time instant, 𝑋Ѳ,𝜙 (𝑡) from the
instantaneous [N ×N] measurement vector at the transceiver array, Y (t), using the inverse of
Y (t) = F 𝑋Ѳ,𝜙 (𝑡)

(2)

where F is the two-dimensional Fourier transform or the beamforming function. The image is a
function of spherical coordinates, azimuth (ϕ) and elevation (θ).
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Fig. 3. Simulation model of a moving human before a Doppler Radar

3.1 RESULTS AND INTERFERENCES
They first simulate using a carrier frequency of 30GHz and [80 × 80] antenna elements. Fig.
4(a) shows the front view radar image of human. The result demonstrates that the high frequency
and large aperture give rise to a high resolution image as the far field radius is reduced. For
instance, we are able to identify various parts of the body such as head, arms, torso and the legs.
But higher frequencies are not suitable for through wall purposes.

Fig. 4(a). Frontal radar image of a human captured by [80 × 80] array configuration operating at 30GHz.
(Source: [1])

Next, they choose the carrier frequency as 7.5GHz while the number of array elements remains
the same. Fig. 4(b) shows the front view radar image with these specifications.
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Fig. 4(b) Frontal radar image of a human captured by [80 × 80] array configuration operating at 7.5GHz.
(Source: [1])

Even though the number of array elements [80 × 80] remains the same, but the reduction of
carrier frequency results in degradation of radar image resolution. We are not able to identify any
body part of human. The resolution is so bad that we cannot tell if it is an image of a human.
Then they reduce the number of antenna elements to [20 × 20] and keep the carrier frequency as
30GHz, for which the results are shown in Fig. 4(c).

Fig. 4(c) Frontal radar image of a human captured by [20 × 20] array configuration operating at 30GHz.
(Source: [1])

Again, we observe that the image resolution is very poor. We cannot identify any of the part of
human body such as head, arms, torso and legs. The results clearly indicate that the resolution of
radar images depend on both the carrier frequency and number of elements used. Reduction in
any of the parameters, results in severe reduction of image resolution.
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3.2 JOINT DOPPLER PROCESSING
Humans are non-rigid targets. When a human moves, different moving parts give rise to
distinct microDoppler components which are best represented in joint time frequency space
using short time Fourier transform (STFT), as shown in

𝜒(𝑓, 𝑡) = ∫ 𝑌 (𝜏)ℎ(𝑡 − 𝜏)𝑒 −𝑗2𝜋𝑓𝜏𝑑𝜏

(3)

Here, χ(f, t) is a matrix of size [N × N] that consists of the joint time-frequency representation of
the measured data at the array and h(t) is a moving time window with fixed width. Array
processing or two-dimensional beamforming is carried out for each Doppler frequency, as shown
in
𝑊Ѳ,𝜙 (𝑓, 𝑡) = 𝐹 −1 χ(f, t)

(4)

Therefore, the measurement data have been effectively resolved in three dimensions: Doppler (f),
elevation and azimuth for each time interval. This additional Doppler information helps in
relaxing resolution in terms of carrier frequency and number of elements requirements.

3.3 RESULTS AND INTERFERENCES
We simulate our design again for a set of carrier frequency as 7.5GHz and number of
antenna elements as [20 × 20]. The results are shown in Fig. 5.

Fig. 5 Frontal radar image of a human captured by combined Doppler processing and array processing using
[20 × 20] array configuration at 7.5GHz. (Source: [1])

Fig. 5 shows that even after both the carrier frequency and number of array elements are reduced,
the resolution of image is good. We can identify all the body parts such as head, legs, arms and
torso of the human.
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4. HARDWARE
The discussion in the previous sections demonstrated that joint Doppler and array
processing can potentially reduce the hardware complexity required to generate frontal images of
humans. However all the results were based on simulation data. In order to truly demonstrate the
effectiveness of the solution, similar results need to be obtained from measurement data. Hence,
we need a hardware operating in microwave frequency range below 10GHz. We propose using
the Walabot, an RF imaging sensor, to transmit radio waves and will apply joint Doppler
processing and array processing on the returned signal to get Doppler, azimuth and elevation
positions of the different body parts of a moving human.

4.1 WALABOT
Walabot is a programmable 3D sensor that looks into objects using radio frequency
technology. Walabot uses an antenna array to illuminate the area in front of it, and sense the
returning signals. The signals are produced and recorded by VYYR2401 A3 System-on-Chip
integrated circuit. The data is communicated to a host device using a USB interface, which is
implemented using Cypress controller.

Fig. 6. Left picture shows the backside of the board, with the VYYR2401 chip, the USB controller and the
micro-USB connectors. The right picture shows the antenna array. (Source: [2])
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4.1.1 SPECIFICATIONS
Walabot operates in the frequency range of 3.3 – 10.3 GHz proving a huge bandwidth of
7GHz. Walabot comes in three models, Walabot starter, Walabot maker and Walabot pro.
Specifications are given in the table below.

Table.1: Comparison of Walabot starter, maker and pro.

Walabot senses the environment by transmitting, receiving and recording signals from
multiple antennas. The broadband recordings from multiple transmit-receive antenna pairs are
analysed to reconstruct a three-dimensional image of the environment. Analysis of sequences of
images allows detecting changes in the environment. Walabot is capable of short-range imaging
into dielectric environments, such as drywall and concrete.
This opens the possibility to use Walabot for numerous use-cases:
• In-room Imaging
• In-wall imaging
• Object detection, location and tracking
• Change detection
• Speed measurement
• Motion sensing, such as breathing detection
• Sensing of dielectric properties of materials.

4.1.2 WALABOT ANTENNAS AND RF CHARACTERISTICS
Walabot operates over an ultrawideband (UWB) range of frequencies corresponding to the
regulatory domain of the model. The US/FCC models operate over 3.3-10.3 GHz range. The
European/CE models operate over 6.3-8.3 GHz range. The average transmit power of both
models is about -16 dBm (25 microWatts). These power levels do not have any health issues
whatsoever. In scenarios where we want to relate the data from specific antenna pairs to
antennas’ locations, for numbering of antennas in the Starter, Maker, and Pro models is given in
Fig. 8.
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Fig. 8: Antenna numbering of Walabot starter, Walabot maker and Walabot pro. (Source: [2])

5. CHALLENGES FACED IN HUMAN IMAGING
Human give rise to various distinct Dopplers. Walabot operates in the frequency range of
3.3GHz to 10.3GHz. We need all the information about operating frequency of Walabot and the
band it is using to process the Doppler returns. Walabot does not provide us any information
regarding the characteristics of its transmitted signal.
In chapter 3, we briefly talked about the impact of antenna aperture on the resolution of
the image. More number of antenna elements provide an image where all the different part of
moving human can be easily identified. We saw in fig.5 that when we use array matrix of size
[20 × 20], the resolution of image is acceptable. But if we further decrease the array matrix, the
resolution of image degraded. We are not able to distinguish between different body parts of
human. Since Walabot provides only 18 array elements, the maximum array matrix we can use is
[4 × 4], which is not sufficient to image a complex target such as human.
Due to lack of information about Walabot and few number of antenna elements, we are
unable to image a moving human.
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6. FRONTAL IMAGING OF SIMPLER TARGETS
Since human imaging is not possible through Walabot, we image simpler targets such as
a moving car and a static box. To get strong signals, we wrap a metallic sheet around target.
Walabot provide us ADC data range from 0 to 255, where 0 corresponds to 0V and 255
corresponds to 5V. Walabot can be operated in two different modes. In Sensor profile mode, it
will provide data in cartesian coordinates. In Profile sensor mode, Walabot provide data in
spherical coordinate. We use Profile sensor mode and obtained data in spherical coordinates.
.

6.1 FRONTAL IMAGING IN RANGE AZIMUTH AXES
First, we image the target in range(R) and azimuth (Φ) axes. We consider a target moving in
range and azimuth axes, keeping the elevation constant. Fig. 9 shows a car moving at a constant
velocity in range azimuth axes. We consider floor to be perfectly flat so that there is no change in
elevation axes.

Fig. 9. Measurement setup of frontal imaging of a moving car by Walabot

15

The collected data is processed in MATLAB. The car is moving is range azimuth axes.
Fig.10 (a) shows the initial position of the car. Then we move the car towards the Radar and the
result is shown in fig.10 (b).

(a)
Fig.10. Radar images when target is moving in range – azimuth axes.

(b)

6.2 FRONTAL IMAGING IN AZIMUTH ELEVATION AXES
Walabot provides us data in spherical coordinates (R-Ѳ-Φ). Since we are only interested in
azimuth and elevation axes, we find the range at which the target is present. We take a sum of all
the data in azimuth and elevation axes for all the ranges. To find the range corresponding to the
location of the target, we take the maximum summation value. We take three cases. Keeping
range as constant, we change the location of target in azimuth and elevation axes. First, we put
the target at azimuth of 0° and elevation of 0°. We capture multiple time frames, then we change
the position of the target in the negative azimuth axis. Then finally we change the position of the
target in the positive azimuth axis.

6.2.1 FRONTAL IMAGING USING DIELECTRICS
We conduct the same experiment as above for multiple dielectrics. First, we take a simple
case of free space. Then we put a glass slab of thickness 1cm between Walabot and the target.
We also take marble and wooden plank as dielectric. The thickness of marble slab was 2.8cm

16

and thickness of wooden plank as 1.8cm. We keep the distance between Walabot and the target
as 40cm in all the cases.

(a)

(b)

(c)

Fig. 11. Measurement setup of frontal imaging by Walabot in (a) line-of-sight (b) through a wooden wall (c)
through marble wall scenarios

6.2.2 RESULTS
We use MATLAB to process the collected data and plot the received power in azimuth
elevation axes. Radar images of frontal imaging is shown in four different scenarios- free space,
through marble slab, through wooden plank and through glass slab.

FREE SPACE
In the fig we show the image of the target placed in free space conditions. Fig.13 (a) is the image
of target when placed at azimuth of 0° and elevation of 0°. Fig.13 (b) and (c) show the position
of target in negative azimuth and positive azimuth axis.
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(a)

(b)

(c)
Fig.12 Radar images when target is in (a) azimuth of 0° and elevation of 0° (b) negative azimuth (c) positive
azimuth.

IMAGING THROUGH MARBLE SLAB
A marble slab of thickness 2.8cm is introduced between Walabot and the target. The
range of the target is fixed at 40cm. We conduct the same experiment as we did in free space.
Fig.14 shows the position of the target in different locations, when marble slab is placed between
Walabot and the target.
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(a)

(b)

(c)
Fig.13 Radar frontal images through marble slab when target is in (a) azimuth of 0° and elevation of 0° (b) negative
azimuth (c) positive azimuth.

IMAGING THROUGH WOODEN PLANK
We use a wooden plank of thickness 1.8cm as a dielectric between Walabot and the
target. Again, we fix the range between target and Walabot as 40cm and conduct the same
experiment. Fig.15 shows the position of target in different locations with wooden plank as a
dielectric.
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(a)

(b)

(c)
Fig.14 Radar frontal images through wooden plank when target is in (a) azimuth of 0° and elevation of 0° (b)
negative azimuth (c) positive azimuth

IMAGING THROUGH GLASS SLAB
We also conduct the same experiment with glass slab of thickness 1cm. In the fig.16,
position of target is shown in azimuth and elevation axes keeping range of target as constant in
every case.
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(a)

(b)

(c)
Fig.15 Radar frontal images through glass slab when target is in (a) azimuth of 0° and elevation of 0° (b) negative
azimuth (c) positive azimuth

7. CONCLUSION
Moving human give rise to various distinct microDopplers. To image such a complex
target we need a very large antenna aperture and high operating frequency. Walabot operates at
high frequency range also it provides huge bandwidth of 7GHz, but the number of antennas it
has are very small. Hence, we cannot use our algorithm to image human using Walabot.
Frontal imaging of simpler target such as a moving car and static target is possible with
Walabot. We are also able to image such targets in presence of dense dielectrics such as marble
and wooden planks. Results in chapter 6, show that images through dielectrics are very similar to
that of free space, only noise is introduced due to multipath and reflections.
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